Intense ion beams are difficult to maintain as non-neutral plasmas. Experiments and simulations are used to study the complex interactions between beam ions and (unwanted) electrons. Such "electron clouds" limit the performance of many accelerators.
I. INTRODUCTION
Nonneutral plasmas exhibit a wide range of phenomena [1] . We study a configuration consisting of a positive ion beam that has a high rigidity, and to which we add electrons, either intentionally or inadvertently. The ion beam creates a positive space-charge potential of 2 kV, which can provide radial confinement of electrons. Electrodes can be biased negatively at either end of a 2 m long section that includes four quadrupole magnets to transport the ion beam. This provides axial confinement of electrons. The configuration is analogous to an Electron-Beam Ion Trap (EBIT) [2] ; it could be termed an Ion-Beam Electron Trap (IBET).
Our work is motivated by the observation that electron clouds and gas pressure rise limit the performance of many major accelerator rings, and may limit linacs being developed as drivers for heavy-ion-inertial fusion (HIF) [3] and for warm dense matter physics (WDM) [4] . We are working to understand the underlying physics and find mitigation mechanisms, through the coordinated application of experiment, theory, and simulation as will be discussed in this paper. Some of our simulation work has been described previously [5] ; we will discuss experimental work and more recent simulation results here.
We expect that a major source of electrons and gas in HIF will be loss, or "scrapeoff," of halo ions to the beam tube, which must be as close as possible to the beam envelope in order to reduce the cost of a power plant accelerator. Most of the beam current is within the beam "envelope", but a small fraction of beam ions undergo radial excursions of up to a few envelope radii; these are known as halo ions, and are the most likely to be lost by scraping off on the beam tube.
Electron cloud effects typically occur gradually, over many passes of a beam through an accelerator ring. However, we have demonstrated in both experiment and simulation that high electron densities, approaching the beam density, can significantly degrade beam properties in the short distance of four quadrupole magnets (two lattice periods) in a linac [5] . These extreme electron densities produce exaggerated effects on ions, enabling us to validate simulations using a relatively small accelerator.
Although electrons are generally harmful in positive-particle beam accelerators and storage rings, they can be beneficial in particular situations. In particular, longitudinal drift compression of intense space-charge dominated beams to a short length, or focusing to a small-radius spot, are usually limited by the beam space charge. The HIF program has demonstrated that the space charge limits can be removed by performing drift compression and focusing within a plasma that exceeds the compressed and focused beam density and neutralizes the beam space charge. Neutralized drift compression of a 300 kV K+ beam places a head-to-tail velocity tilt on a beam. The tail of the beam then catches up with the head, achieving a factor of 60 compression to a duration of 3 ns [6] .
Neutralization of a beam after the focusing magnets, but not within them, focused a beam to a radius of 0.11 cm, compared with a radius of 1.4 cm with minimal neutralization [7] .
These new capabilities will enable near term WDM experiments using ion beams to heat targets to ~1 eV temperatures [4] . Such benefits of electrons in beams will not be discussed further in this paper.
II. TOOLS
Our goal in electron-cloud studies is to use simulations and the High-Current Experiment (HCX) facility to understand electron sources and accumulation in positive charged-particle beams, determine effects on the beam, and find mitigation mechanisms.
The experimental and simulation tools to accomplish this are discussed in this section.
A. Experimental tools
The main experimental tool is theHCX, located at Lawrence Berkeley National Laboratory (LBNL). The HCX consists of an injector producing a singly-charged potassium ion beam (K+) at 1 MeV kinetic energy, followed by a transport lattice made up of an electrostatic quadrupole matching section, a ten-quadrupole electrostatic transport section and a four-quadrupole magnetic transport section, as shown in Fig. 1 .
The nearly flat top of the beam pulse averages 180 mA for a duration of 4 µs, as shown in Fig. 2 . Details of the beam transport through 10 electrostatic quadrupoles, preceding the 4 magnetic quadrupoles, have been reported [8] .
The HCX beam is space-charge dominated in the radial direction, as well as in the axial direction, by the beam space-charge potential of 2 kV. The defocusing forces of the beam space-charge, on average, cancel a large fraction of the applied focusing forces of magnetic quadrupoles in the lattice. This results in a factor of 10 reduction in the phase advance of ion oscillations in the presence of space charge, relative to a single ion moving in the applied focusing field. The beam potential approaches that of high-energy physics (HEP) and other accelerator rings and is sufficient for many experiments on the generation, accumulation, effects, and mitigation of electron-cloud effects.
The HCX in the region of four magnetic quadrupoles is shown in Fig. 1 . To the left is the D2 diagnostic region, an 18 cm long drift region, between 10 electrostatic quadrupoles and the 4 magnetic quadrupoles shown. In D2 we measure the beam current and ion phase space distribution, to characterize the beam entering the quadrupole magnets. Similar diagnostics are used after the magnets to determine any changes due to the magnets or to electron clouds. Each magnetic quadrupole has 30 cm long magnetic field coils in a 47 cm length elliptical tube that has major and minor inner radii of 5 cm and 3 cm respectively. Between each pair of magnets, and after the last one, diagnostic access is provided in a 5 cm gap, each with 7 ports.
A variety of diagnostics are mounted on the outside of octagonal tubes that fit within the elliptical bore of quadrupole-magnet beam tubes, as shown in Fig. 3 . A gap of about 0.7 cm annular space is provided between the octagonal mounting tube for diagnostics and the elliptical magnet bore for the recessed diagnostics and cables. The octagonal tubes present a smooth inner surface to the beam, and allow external assembly of the diagnostic arrays. Two different arrays are placed within the third and fourth quadrupoles, and can be interchanged with other arrays. These diagnostics include electrodes shielded from the beam electric field by grids [9, 10] , recessed capacitive electrodes, 8 cm 2 electrodes that are flush with the diagnostics tube in the fourth quadrupole, and optical scintillators that replace Faraday cups as detectors for double slit diagnostics [11] . These will be discussed further in the next subsection.
Other diagnostics are installed between and at the ends of the magnetic quadrupoles: suppressor electrode(s), clearing electrodes to remove electrons, a retarding field analyzer, and the gas electron source diagnostic (GESD) to measure electron emission and ion desorption due to ions striking stainless steel surfaces near grazing incidence.
These are discussed further below.
A suppressor ring electrode, surrounding the beam after it exits the last quadrupole magnet, is biased to -10 kV to prevent ion-induced electron emission off an end wall (which can be a slit plate that can also be biased or grounded) from reaching the magnets, or it can be left unbiased to allow electrons to be emitted from the end wall and to flow into the magnets, flooding them until the average electron line charge (line charge is the charge per unit length) in the final magnet is near the value of the beam line charge. In recent experiments, we replaced the ring electrode with a pair of parallel plates -both of these can be biased negatively to suppress electron emission in a manner similar to the ring suppressor; but they can also be biased to produce an electric dipole field across the beam.
As mentioned in the introduction, when the suppressor electrodes are biased negatively, they also prevent electrons from leaving the beam axially at the exit of the fourth quadrupole magnet. The exit electrode of the electrostatic quadrupoles, preceding the magnetic quadrupoles, is also negative; this prevents electrons from being lost 
B. Additional experimental tools and applications
To interpret the electron emission currents from electrodes that scrape the beam halo, we need to know the electron emission and gas desorption coefficients γ e and γ 0 respectively, due to ion bombardment of metal surfaces near grazing incidence. In order to infer the current of ions that scrape off, we need to divide the electron emission current by the electron emission coefficient γ e . With this, if we also know the gas desorption coefficient γ 0 , we can infer the total gas desorption from the scrape-off current.
We designed and commissioned the Gas-Electron Source Diagnostic (GESD) to measure γ e and γ 0 , as described in detail in Ref. 12 . The GESD has also proven useful for studying mitigation techniques. It is a nearly closed box that includes a small entrance aperture (0.3 by 2.5 cm for the 1 MeV K+ experiments) to admit ~100 µA of beam, a small Faraday cup to measure the beam current, a stainless steel target that can be varied in angle relative to the beam, and an ion gauge (calibrated for nitrogen) to measure the gas pressure rise after a pulse. Electron emission coefficients are determined from the ratio of the target emission to the beam current into the GESD. Gas desorption coefficients are determined from the ratio of the pressure rise (in a known volume) to the number of beam ions in a pulse (from integrating the Faraday cup current). We find that was observed at higher ion energies by Thieberger [13] .
These studies of electron emission and gas desorption have increased our understanding of emission and desorption processes, and have yielded new mitigation techniques, as will be discussed. The value of these results greatly exceeds our original goal of calibrating halo scraping diagnostics.
We have studied the scaling of electron emission with K+ ion energy between 50 and 393 keV, due to ions impinging at various angles within 10° of grazing incidence on stainless steel. Our experimental results and modeling for three representative ion energies are shown in Fig. 4 . We found that emission scaled with the electronic component of ion stopping in stainless steel, dE/dx [14] , as has been found previously at higher energies [15] . However, the emission varied more slowly with the ion angle of incidence than 1/cos(θ), unlike measurements with 1 MeV K+ [12] and higher energy ions [13] . Based on a modified Sternglass model [16] , we have modeled the dependence on ion energy and the ion angle of incidence [14] , evaluating a dE/dx model with the SRIM code [17] . The modelled electron yield in Fig. 4 shows reasonable agreement with measured electron yield for variations of both the ion energy and angle.
Gas can be desorbed from a wall by the impact of lost halo ions, by electron clouds reaching the wall, or by synchrotron or UV radiation. Gas can degrade a particle beam, directly through stripping or charge exchange of beam ions with the gas, and indirectly through generation of electrons from ionization of the gas.
The 1/cos(θ) variation of electron emission with the ion angle of incidence [highest near grazing incidence (θ = 90 deg)], suggests a mitigation technique: if we sandblast or beadblast a smooth surface, ions that would have struck near grazing incidence now hit the rims of micro-craters at angles closer to normal. This was found to reduce electron emission by an order of magnitude, and gas desorption (which varies much less with angle) by a factor of ~2 [12] . However, this technique is restricted to ions of low enough energy that their range is less than the thickness of the micro-crater rims. Much higherenergy grazing-incidence ions can penetrate multiple crater rims, generating electrons and gas at each entrance and exit [18] . An axially-thick, annular ridge (antigrazing ring)
can be used to stop high energy ions at normal incidence, before they strike a wall at grazing incidence [18] .
We use a retarding field analyzer (RFA), derived from the popular Rosenberg-Harkay design that uses inexpensive, commercially produced stainless steel "window frames" as grid mounts, separated by standard alumina-insulators [19] . Our version adds two grids, one that serves as an electron repeller after the entrance aperture, and one that serves as an ion repeller. We provide gaps between grids of 0.8 to 1 cm to allow bias voltages of 3 kV [20] . This allows it to measure the energy of either ions or electrons. Previous experiments have used similar analyzers to measure the flux and energy of electrons reaching the wall, yielding a qualitative measurement of electron cloud density [21] . We measure the expelled ion energy distribution, which perhaps counter-intuitively provides a more quantitative measurement of electron cloud density than does measuring electrons directly. This is because we measure low energy ions resulting from beam impact on gas. issue that we will discuss next.
Electrodes that are exposed to the beam receive a significant capacitive current at the head and tail of the beam (of order 50 µA/cm 2 ), while the beam potential is changing between 0 and +2 kV. However, we would like to measure particle currents into the wall that are 1 to 3 orders of magnitude smaller than the capacitive currents. These include the ionization of gas by beam-ion impact, which results in an electron that is trapped and an ion that is expelled by the positive beam potential. This current is about 3 orders of magnitude smaller than capacitive signals, occurs throughout a pulse, and in particular can be measured during the current flattop.
Another particle current, which we would like to measure, is that due to electrons that have been trapped and accumulate during the pulse, then detrap during the beam tail when the beam potential is falling to zero. The maximum magnitude and polarity of this integrated electron charge at the end of a pulse is the same for a completely neutralized beam as is the integrated charge from a capacitively coupled beam with no electrons. We need to distinguish whether the current is from detrapped electrons or capacitive coupling, furthermore, we would like to be able to measure detrapped electrons that constitute only about 1% of the beam charge.
Shielding the electrodes with grids achieves the goal of blocking capacitive pickup, and enabling small currents of ions or electrons to be detected. We measured that capacitive pickup could be reduced by a factor of ~30 with the use of one, or by ~500
with the use of two, electromesh grids separated by 400 µm, each ~5 µm thick nickel with a mesh opening center-to-center of 280 µm [10] .
Gridded ion collectors (GIC), inside quadrupole magnets, are used to determine local densities of gas within an ion beam, and the rate of electron generation by ionization of gas, from the magnitude of the expelled ion current. We collect expelled ions across a quadrupole magnetic field; the magnetic field suppresses electron emission from the collector electrode. The requirement that expelled ions cross the quadrupole field restricts this technique to beams with relatively high space charge and low beam energy (implying low quadrupole field strength), so that the beam potential gradient provides sufficient force to drive ions across the quadrupole magnetic field. (This restriction is eliminated for the RFA, which is in a magnetic field-free drift region.) The GICs provide response times of 0.2 to 1 µs, the time for the 2 kV beam potential to expel ionized residual gas with masses ranging from hydrogen to argon. This time is substantially less than the beam FWHM of 5 µs, and provides the capability of measuring the time dependence of desorbed gas reaching the beam [9] . One conclusion from this diagnostic is that desorbed gas from the walls does not reach the beam within 5 µs, because the current does not
show an upwards inflection partway through the pulse.
Gridded-electron collectors (GEC), inside quadrupole magnets, are used to collect electrons that detrap while the beam potential is falling to zero at the end of a pulse. For this, it is essential that the GECs are located at azimuths where quadrupole field lines enter the beam tube. Then, electrons that are detrapped, as the beam potential falls to zero at the end of the pulse, can flow along magnetic field lines from the electron cloud to the collector. This azimuthal location does not allow the magnetic suppression of electrons that is achieved with the GIC, which are located at azimuths where magnetic field lines are tangent to the surface [9] , but which would also render impossible the collection of magnetized electrons (electrons whose gyroradius is small compared with the beam tube radius). Therefore we can bias the collector to suppress electron emission from either the collector or the grids, but not from both; with the consequence that the inferences from the GEC are less quantitative than those from the GIC [10] .
C. Simulation tools
The simulation tool is based on a merge of the Heavy Ion Fusion accelerator particlein-cell (PIC) code WARP [24] and the high-energy physics electron-cloud code POSINST [25] , supplemented by additional modules for gas generation and ionization [26] as well as ion-induced electron emission from the Tech-X package TxPhysics [27] .
The package allows for multi-dimensional (2-D or 3-D) modeling of a beam in an accelerator lattice and its interaction with electron clouds generated from photon-induced, ion-induced or electron-induced emission at walls, or from ionization of background and desorbed gas. The generation and tracking of all species (beam particles, ions, electrons, and gas molecules) is performed in a self-consistent manner (the electron, ion and gas distributions can also be prescribed -if needed-for special study or convenience). The code runs in parallel and benefits from adaptive mesh refinement [28] , particle timestep sub-cycling [29] and a new "drift-Lorentz" particle mover for tracking charged particles in magnetic fields using large time steps [30, 31] . These advanced numerical techniques allow for significant speed-up in computing time (orders of magnitude) relative to bruteforce integration techniques, allowing for self-consistent simulations of electron-cloud effects and beam dynamics, which were out of reach with previously available tools.
We have established a list of different functional modules, and their interrelationships, that are ultimately needed to reach self-consistency for the modeling of HIF beams with e-cloud and gas, and have summarized it in a block diagram (see Fig. 1 of Ref. 31) . We can imagine this as a "roadmap" of a self-consistent modeling capability of electron clouds effects. The initial block of the roadmap is a self-consistent PIC module that follows the beam through an accelerator lattice with its self-field and images at the wall. Ions from the beam halo that strike the wall can desorb neutrals and electrons that may have enough time to reach the beam before the end of the pulse, and interact with it.
The time-dependent motion of neutrals and electrons must therefore be tracked. The gas can be ionized by beam ions and electrons, leading to new electrons and ions that must be tracked as well. All these particles can hit the walls and produce more neutrals and electrons. Finally, beam ions can be reflected at the wall, and charge-exchange reactions can occur in the gas. More details on the analysis that led to the establishment of this roadmap can be found in Refs. 5,12,27,30.
We follow the convention of labeling the electrons created by the ion beam hitting the end wall as "primary", while labeling the electrons created by any electron impacting the vacuum pipe surrounding the magnets as "secondary". The primary electrons created by ion impact on the end plate and propagating upstream can enter only two quadrants of the fourth (last) magnet (the upper and lower quadrants, as in Fig. 6 of Ref. 5) , and then drift upstream, because the E×B and ∇B drifts are both upstream (anti-parallel to the ion beam) in these quadrants for electrons in the electric field from the 2 kV beam potential.
Electrons in the side quadrants drift downstream, parallel to the ion beam.
III. OSCILLATIONS OF ELECTRONS
We discovered an unexpected effect while studying electron clouds in ion beams.
Experiments show oscillations in the current to a clearing electrode in a drift region between the last two quadrupole magnets when we do not suppress the copious electron emission from the linac end wall, as shown by the red line in Fig. 5 Fig. 10(b) ). The magnetic field at the electrode E-10.5 [where the electrode number refers to the axial position of its center (cm)] is down by 4%, the field at the next electrode E-13 is decreased by 50%.
Data from this array are taken at a rate of 1 gigasample/sec (GS/s) for each electrode, and are shown in Fig. 11(a) . The data begin with the left hand electrode E+4.5, and progress upstream from there. Electrode locations can be determined from Fig. 10 . The spatial growth of the oscillations is hard to see in Fig. 11 (a) (but easier in Fig. 12 ). In Fig.   11 (a) the display autoscales the vertical axis, so axis values can differ for each channel; and in Figs. 11(a) and 11(b) the first 2 µs of each frame should be ignored because the oscillations take a few microseconds, in both the simulation and the experiment, to settle to a dominant frequency and grow to their saturated state. After this, downstream channels are more quiescent, while upstream channels through E-13 grow in amplitude.
The electrodes towards the right side (upstream end) of Fig. 10 : E-15.5, E-18 and E-20.5
are in the fringe field of the quadrupole magnet, and show progressively smaller signals as the magnetic field decreases; these data are not shown here.
In Fig. 11(b) , we show the simulated data for each channel, with a constant plot scale, so the spatial growth in oscillation amplitude is more readily apparent here as we advance Motivated by these simulations, we have taken data similar to that in Fig. 11 , except that we varied the end-wall potential. Biasing the end-wall positively is expected to have two effects: (1) Electrons emitted from the end wall will not extend radially as far outside of the beam, which by analogy with the simulations should reduce the oscillation amplitude. In addition, these electrons should not be able to reach the beam tube at ground potential to generate secondary electrons. (2) The beam potential should no longer be reduced to near zero when flooded with electrons but should be reduced only to a potential near the end-wall potential. We observe that biasing the end wall to +500 V reduces the oscillation amplitude to near zero, see Fig. 13 . This is in qualitative agreement with the simulations, however quantitative comparison will await subsequent simulations that directly simulate the experimental conditions, including effect (2) above.
IV. CONCLUSIONS
In conclusion, we have developed a variety of diagnostics that measure the three major types of sources of electrons -ionization of gas, emission from beam tubes, and emission from an end wall. We have measured the time-dependent absolute magnitude of electron accumulation in an ion beam. We have measured electron emission and gas desorption yields and increased the understanding of the scalings and processes involved. We have observed oscillations of dense electron clouds in both experiment and simulation, End-wall bias Line charge ratio (V)
